tion of photorespiratory CO2 release and thereby increase net photosynthetic CO2 fiation. A number of metabolites were supplied to iluminated leaf discs and their effect on the inhibition of glycolate synthesis was measured. Glycolate accumulation, in the presence of a-hydroxy-2-pyridinemethanesulfonic acid, was inhibited in leaf discs previously floated on 30 mm solutions of either L-glutamate, L-aspartate, phosphoenolpyruvate, or glyoxylate. The effect of glutamate on glycolate synthesis, which was investigated in detail, was concentration-and timedependent. Glycolate synthesis was inhibited about 40% by treating leaf discs with 30 mm glutamate, and the inhibition continued for more than 4 hours after the glutamate solution was removed.
The glutamate inhibition of glycolate synthesis was accompanied by a marked decrease in the rate of photorespiratory CO2 release and by maximal increases of about 25% in net photosynthetic CO2 fixation. The products of 14CO2 fixation in leaf discs previously treated with glutamate showed a decrease in glycine (26%), serine (12%), and the stronger acids (18%), and an increase in the neutral compounds (26%) in comparison with discs floated only on water.
Data are presented which question whether a catabolite of glutamate or the amino add itself is responsible for the results observed. These experiments support the view that a genetic selection strategy based on the metabolic control of photorespiration would result in lage increases in net photosynthetic CO2 assimilation in spedes with high rates of photorespiration.
In C3 plants, where the primary photosynthetic fixation of CO2 proceeds through ribulose diphosphate carboxylase and the photosynthetic carbon reduction cycle, a large part of the newly fixed CO2 is released by a process known as photorespiration (10, 20) . The substrates immediately involved in CO2 release are probably glyoxylate and glycine (15, 21) . Glyoxylate may react with H202 to produce photorespiratory CO2 (8, 22) , and CO2 may also arise during the condensation of glycine to form serine (15) . The glyoxylate in leaves is formed from glycolate by the enzyme glycolate oxidase which can be inhibited by a-hydroxysulfonates (20) .
The mechanism of glycolate biosynthesis is still in question but may involve the oxygenase activity of ribulose diphosphate carboxylase (3), a transketolase reaction (13) , the reduction of glyoxylate (20) , or an undetailed direct condensation (20) . Whatever the mechanism of synthesis, a large portion of the 1 This work was supported by a National Science Foundation Energyrelated postdoctoral fellowship to D. J. 0. newly fixed carbon flows through glycolate. In illuminated tobacco leaf discs, rates of glycolate accumulation in the presence of a-hydroxysulfonates of at least 70 ,umol/g fresh wt * hr have been measured. These rates of glycolate synthesis are greater than net rates of CO2 fixation under similar conditions. It becomes obvious from these considerations that any process which would specifically interfere with photorespiration by blocking glycolate synthesis without adversely affecting photosynthesis could significantly increase net photosynthesis.
Glycidate, an epoxide structurally similar to glycolate, has been found to be a specific inhibitor of photorespiration in leaf discs (24) . Investigations into the mechanisms of glycidate action have shown that it has no effect on ribulose diphosphate carboxylase/oxygenase activity or any other enzyme associated with glycolate synthesis thus far tested with the exception of NADPH-glyoxylate reductase (26) . However, the concentrations of glutamate and aspartate were found to be increased in leaf discs which were treated with glycidate (see Table III (16) .
Assay of Glycolate Synthesis in Leaf Discs. Glycolate biosynthesis in the leaf disc system was assayed as the accumulation of glycolate in the presence of 10 mm a-hydroxy-2-pyridinemethanesulfonic acid as described earlier (24) . Excised leaves were kept in darkness for 30 min, then 1.6-cm leaf discs, usually six/ sample with a total fresh wt of about 240 mg, were selected by use of a latin-square design (17) and cut with a sharp punch. The discs were floated right side up on 1.5 ml of water or the solution to be tested in loosely covered 50-ml beakers for 1 hr at 30 C with continuous shaking at 60 cycles/min and an irradiance of 390 ,ueinsteins m-2 sec-' (about 2,400 ft-c). After this initial treatment, the solution was removed, the discs were washed twice with 1.5 ml water at 30 C, and 2.5 ml of 10 mm a-hydroxy-2-pyridinemethanesulfonic acid at 30 C was added. After exactly 3 min, the discs were killed by plunging them into boiling 20% ethanol in water. The accumulated glycolate in the leaf extract was separated on a Dowex 1-acetate column (18) and assayed colorimetrically.
Assay of Photosynthetic "4CO2 Fixation. Six discs were threaded together and floated on 1.2 ml of water or the solution to be tested in large (75-ml) Warburg vessels (24) . The An open system for introducing "4CO2 under steady conditions was used instead of the closed system employed in earlier experiments with leaf discs (24) in order to improve reproducibility and to help insure steady-state conditions during the measurement. The 14C02 was produced by pumping a NaH'4C03 solution of known concentration and specific radioactivity at a constant rate into 2 ml of rapidly stirred 2.5 N H2SO4 contained in a closed 75-ml filtering flask with a side arm (7) . A stream of humidified C02-free air was passed at a constant 250 ml/min through the CO2-generating system, and then through the Warburg flasks one at a time. In this 14C02-generating system, with a pumping rate of 0.392 ml/min and a "4C-bicarbonate concentration of 17.1 mm, the air passing over the discs contained 600 1.I/l of C02-Photosynthetic 14CO2 fixation was initiated in the previously treated leaf discs 60 sec after the pump was started by deflecting the air flow from a soda lime trap to the flask by means of the three-way stopcock of the Warburg manometer. The fixation was stopped, usually after 5 min, by diverting the air flow back to the first soda lime trap and removing the discs held together by the thread and plunging them into boiling 20% ethanol. The discs were ground in a TenBroeck homogenizer and the suspension made to 25 ml. Using this system, photosynthetic "4CO2 fixation rates were constant from 2 to 20 min (see Tables II and  III) .
Measurement of Photorespiration. Photorespiration was measured in leaf discs as the release of previously fixed 14CO2 into a stream of C02-free air in the light, compared to the dark as described previously (19, 28) .
Other Techniques. The metabolites produced from '4C-glutamate and '4C02 were separated from homogenates by ion exchange column chromatography with Dowex 1-acetate and Dowex 50 (18, 24) . The acidic compounds up to the glycolic acid fraction were eluted from Dowex 1-acetate columns with 14 ml of 4 N acetic acid. After elution with 50 ml of 1 N formic acid to remove the malic and citric acid fractions, a-ketoglutarate was eluted with 20 ml of 6 N formic acid. The stronger acids including P-glyceric acid, P-enolpyruvic acid, and sugar diphosphates were eluted with 10 ml of 1 N HCI. Glycine and serine, from the basic fraction from the Dowex 50 column, were separated by high voltage paper electrophoresis (21); glycolic and glyceric acids were separated from each other in the glycolic acid fraction by paper chromatography (21) . The concentration of the isolated free amino acids was determined by a modified ninhydrin reaction (14) and a-ketoglutarate was assayed by colorimetric measurement of the 2,4-dinitrophenylhydrazone (6) in the appropriate fraction eluted from the Dowex 1 column.
Radioactivity was determined by liquid scintillation counting of 0.2-ml or 1-ml samples (the latter in Aquasol, New England Nuclear Co.). The samples were standardized using the external standard ratio method.
Substrates and Inhibitors. The "4C-bicarbonate was obtained from New England Nuclear Co. and uniformly labeled "4C-glutamate from Amersham/Searle. L-Glutamic acid was obtained from Schwarz/Mann and D-glutamic acid from Sigma Chemical Co. The L-glutamic acid gave the correct specific rotation, and the sample of D-glutamic acid contained 93% of the D-enantiomer based upon its specific rotation and ninhydrin color yield after purification on a Dowex 1-acetate column. When purified through a Dowex 1-acetate column, the L-glutamate showed the same regulatory effects as the original compound used throughout. The a-hydroxy-2-pyridinemethanesulfonic acid was from Fluka AG, Buchs, Switzerland.
RESULTS
Examination of Compounds for Inhibition of Glycolate Biosynthesis. In order to establish whether metabolites could influence the flow of carbon through glycolate, several compounds were tested to see if they slowed the accumulation of glycolate in the presence of the sulfonate (Table I) . Of the metabolites selected, only glutamate, aspartate, P-enolpyruvate, and glyoxylate consistently inhibited glycolate synthesis. The effect of Penolpyruvate had been observed earlier (23) . During the exposure period, air was blown across the discs to enhance transpiration and thereby facilitate solute movement into the discs. De- spite this precaution, failure to observe an inhibition of glycolate synthesis may only indicate that a sufficient concentration of a potentially active compound failed to enter the tissue or the necessary site within the cell. This could be true for a-ketoglutarate, e.g. a compound metabolically close to glutamate. Of the effective metabolites, only glutamate has been studied in detail.
Effect of Glutamate on Glycolate Synthesis. The extent of the inhibition of glycolate accumulation is dependent on the concentration of glutamate solution upon which illuminated leaf discs are floated (Fig. 1) . The amount of inhibition was 14% at 10 mM, about 32% at 30 mm, and reached a maximum of about 40% when 50 mm glutamate was supplied in this experiment.
The effect of time of exposure of leaf discs to glutamate on the subsequent inhibition of glycolate accumulation was determined. Only a small amount of inhibition (12%) can be measured after 30 min with 30 mm glutamate (Fig. 2) and the inhibition reaches a maximum (50%) after 1 to 2 hr. If after a 1-hr exposure, the glutamate bathing solution is removed and is replaced by water, the amount of inhibition does not decrease during the next 4 hr. So although the inhibition of glycolate synthesis takes at least 0.5 hr to be expressed, it is functionally irreversible during the many hours in which glycolate synthesis continues rapidly in this system. This is true despite the fact that the added glutamate is virtually all metabolized by the leaf discs within 2 hr after the glutamate solution is removed (see Table V (Fig. 3) . The ratio of the rate of release of '4CO2 in the light to that in the dark supplies a measure of the rate of photorespiration in the tissue. In the experiment shown, 65,500 cpm of 14CO2 were released in 30 min of light compared to 51,000 cpm in 60 min of darkness when the discs were floated on water. When the discs were exposed to glutamate, 27,700 cpm were released in the light in 30 min and 66,400 cpm in 60 min of darkness. The resulting ratios of 14C02 released in light/dark were 2.6 for the discs on water (a reasonable ratio for tobacco [28] ) and 0.8 for the discs on glutamate. Glutamate supplied under these conditions decreased the rate of CO2 released by leaf discs in the light about 60% and had no substantial effect on dark respiration. The small increase in dark respiration (Fig. 3) (upper curve) in the light for the times indicated before being exposed to the sulfonate as described in Table I . In a second experiment (middle curve), the glutamate was removed and replaced with water after 1 hr in the light (at arrow). The water was replaced every 15 min for the next 4 hr and at the times indicated glycolate accumulation was measured in the presence of sulfonate. The control (H20 only throughout) curve for this experiment is not shown; it closely followed the control line for the first experiment.
fixed carbon which is lost through glycolate synthesis and metabolism in the light in a specific manner, then glutamate treatment would be expected to increase the amount of net CO2 fixed. Such an increase in net CO2 uptake would provide evidence for the specificity of the effect since inhibiting photosynthesis would also block the synthesis of glycolate. i-Glutamate, for example, inhibited glycolate accumulation 51% at 30 mm, but unlike Lglutamate, it also inhibited photosynthetic '4C02 fixation 23%.
Maximal stimulation of 14CO2 fixation (regularly 18-25%) occurred with about 30 mm L-glutamate ( Fig. 4 ; Tables II, III,  and IV) . At greater concentrations, the stimulation is decreased, indicating that the glutamate is inhibitory to photosynthesis at higher concentrations. This suggests that the increase in inhibition of glycolate synthesis that occurs above about 30 mm glutamate results partly from a nonspecific inhibitory effect of the glutamate on photosynthesis.
The photosynthetic fixation of 14CO2 was routinely carried out at 600 ,il/l of CO2. Unlike leaves of C3 species which show half-maximal photosynthetic rates at about 300 A./l of CO2 (20) , tobacco leaf discs floated on water show half-maximal rates at about 600 ,ul/l of CO2 (Fig. 5 ). This increase in the apparent Km for photosynthesis probably occurs because of a greater diffusive resistance in discs on water since only one-third of the tobacco leaf stomata are on the upper surface (20) and the CO2 must diffuse through a water barrier in order to enter the leaf through the lower stomata. It may also arise in part because the higher water content of turgid leaf discs increases diffusive resistance compared with intact leaves. The photosynthetic stimulation is constant from 2 min to at least 15 min of exposure to "4CO2 (Tables II and III) . This is consistent with the observation (18) that glycolic acid has a constant specific radioactivity after a 5-min exposure to "4CO2. 5 . Effect of the rate of G4CO2 fixation in leaf discs on the concentration of CO2. Leaf discs, six/sample, were strung together and floated on water in large Warburg flasks. After 1 hr in the light, the discs were exposed to a stream of air containing the CO2 concentration indicated for 5 min. The discs were quickly killed in boiling 20% ethanol and the 14C02 fixed determined by liquid scintillation counting of the leaf homogenate. The CO2 concentration was altered by changing the molarity of the NaH'4C03 solution.
wt hr to 35.3 (+23%); at 600 ,ul/l from 44.2 to 52.6 (+19%); and at 1200 p.II1 from 62.4 to 73 (+17%).
The photosynthetic fixation products show large differences between leaf discs floated on water throughout, and those previously on glutamate after a 5-min or 15-min exposure to 14CO2 (Table III) . In the presence of glutamate, the per cent of the total 14C in the pool of stronger acids decreased while that in the neutral fraction increased. Glycine and serine, intermediates in the glycolate pathway, decreased by about 26% and 12%, respectively, with the glutamate exposure. This would be expected if the main source of glycine in leaf discs in the light is from glycolate (11, 24) and the flux through glycolate is slowed by glutamate.
The role of glutamate in stimulating CO2 fixation is catalytic since there is not sufficient glutamate metabolized to provide an acceptor for the additional CO2 fixation. Thus, leaf discs floated on 30 mm K glutamate in the light metabolize the solute at approximately 3 ,umol/g fresh wt * hr (Table V) . The stimulation of "4CO2 fixation observed in the presence of glutamate in Table  II and Figure 3 ranged from 10 to 15 ,umol/g fresh wt * hr and the increase in photosynthesis continued even after the added glutamate was consumed (Table V, Fig. 4) .
Need for Open Stomata for Glutamate Effect. In order for the above glutamate effects to be expressed, the stomata on the lower surface of the leaf discs must be open during the 1-hr pretreatment (Table IV) . The glutamate must enter the discs through the stomatal apertures in order to influence the rate of glycolate synthesis and CO2 fixation. This requirement does not seem to hold for the penetration of the sulfonate, since glycolate accumulates at substantial rates even when the stomata are closed (experiment 1, Table IV ). Glutamate at a concentration of 30 mm does not alter stomatal apertures (Table IV) , and we found that glutamate by itself does not change the steady-state concentrations of glycolate in the leaf discs.
Metabolism of 14C-Glutamate by Leaf Discs in the Light. The observation that the glutamate effect on glycolate synthesis continued for 4 or more hr after the glutamate was removed caused us to question whether the glutamate itself or some compound derived from the glutamate was causing the effect. Accordingly, leaf discs were floated on uniformly labeled 14C-glutamate for 1 hr and the discs were then transferred to water. At this point, zero time, and again after 2 and 4 hr on water, the concentration and 14C content of glutamate and several other important related metabolites were analyzed (Table V) (19, 24) . The effect caused by glutamate (or aspartate) may account in part for the mechanism of action of glycidate, a compound which also inhibits glycolate accumulation and stimulates photosynthetic CO2 fixation. Tobacco leaf discs floated on glycidate in the light showed a 1.7-fold increase in aspartate pool size and a 3.8-fold increase in glutamate concentration (24) .
The actual mechanism by which glutamate slows glycolate Another possibility is that glutamate acts at the transcriptional or translational level and causes an enzyme system to be synthesized or degraded, which in turn regulates glycolate formation. The short time involved, about 1 hr for the full expression to be achieved, might argue against this hypothesis, but it cannot be excluded solely on this basis.
Some of the data (Table V) show that there is no direct correlation between the total concentration of glutamate in the tissue and the inhibition of glycolate synthesis. Since the control of photosynthesis and photorespiration may occur within the chloroplast, it is possible that these measurements of total glutamate concentration might not reflect the actual concentration at the affected site.
Whatever the "active" metabolite, it controls these important leaf functions at less than substrate concentrations. The results
show that the stimulation in the rate of '4CO2 fixation may be as much as five times greater than the rate of glutamate metabolism on a molar basis. The effects described here represent dramatic metabolic control phenomena and are not the result of increasing or decreasing the concentration of substrates at some ratelimiting step in photosynthetic CO2 fixation.
Aspartate, P-enolpyruvate, and glyoxylate also consistently inhibited the rate of glycolate accumulation (Table I) . Glutamate and aspartate are linked biochemically through a transamination reaction involving oxaloacetate, which in turn can be formed from P-enolpyruvate and CO2 in the presence of Penolpyruvate carboxylase. These experiments with glutamate raise the question of whether changes in the ratio of photosynthetic CO2 fixation to photorespiratory CO2 release normally occur in C3 plants by the mechanism induced by adding glutamate or other metabolites. Individual tobacco plants with slower rates of photorespiration and increased net photosynthesis have been observed (27, 28) , but the extent of normal fluctuations in the pool sizes of glutamate, aspartate, and related compounds during photosynthesis is not known. The inhibition of glycolate synthesis (23) and photorespiration (25) , always found in leaves of C4 species such as maize, may be brought about in part by the higher concentration of aspartate present in the bundle sheath cells (9) . These cells apparently contain enzymes capable of catalyzing glycolate synthesis and metabolism (2, 5) , but the activities are not fully expressed in intact leaves.
The results described in this paper can best be observed in leaf discs obtained from plants grown as detailed under "Materials and Methods." Under laboratory conditions, we have shown unequivocally that it is possible for one or more metabolites to regulate photorespiration and photosynthetic CO2 fixation. These observations appear to have important implications. If the regulatory aspects of this control of photorespiration can be incorporated into plants, perhaps by means of genetic alteration of plant cells (1, 4) , phenotypes showing large increases in net photosynthesis could be expected in species with rapid rates of photorespiration.
